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Abstract 
The goal of this project was to design a low-cost prosthetic arm that could be 
manufactured and assembled at any makerspace around the world. The design incorporated best 
practices from extant 3D printed arm designs and utilized finger and thumb mechanisms that 
could be printed as full assemblies. The design was made to be parametrically scalable, so it 
could be appropriately sized for the wearer. Instructions were created to ensure that makers 
would be able to successfully size, manufacture, and assemble the product. 
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Executive Summary 
Engineering schools and companies are encouraging innovation now more than ever 
before. Corporate makerspaces are nurturing this need for innovation by providing the space and 
equipment for employees and other innovators to design and manufacture their own products. 
These new community prototyping facilities allow innovators to bring their ideas to fruition 
without the daunting atmosphere of professional machine shops. One such innovative idea is a 
low-cost, 3D-printed prosthetic arm. Traditionally manufactured prosthetic arms are expensive 
and unsustainable for children who outgrow their devices each year. To address this issue, 
engineers have been designing low-cost 3D printed upper extremity prostheses to make them 
more feasible for these children and their families to acquire. Current designs that are freely 
available for the general public to manufacture are functional but have room to be improved. 
More robust hand models exist; however, their designs are not available for anyone to produce.  
In this MQP, a low-cost prosthetic arm was developed that incorporated best practices of 
alternative 3D printed arm designs. The design utilized finger and thumb mechanisms that could 
be printed as working assemblies. Hardware was introduced in areas of the design that needed 
reinforcement. The design was made to be parametrically scalable, so it could be appropriately 
sized to fit the proportions of the wearer. The forearm portion of the prosthesis was made to be 
solid, so that medical professionals can properly fit the device using a 3D scanner. The team 
fabricated and tested the design to ensure that the people who would want to build this device 
would be able to assemble it by following an instruction manual. The goal was to produce a 
device that could be manufactured and assembled at any makerspace around the world. 
This project is the result of two major designs with several dozen smaller iterations in 
between. The main purpose of the first design was for the team to understand the anatomy and 
inner workings of a human hand from a mechanical perspective. The team learned that a linkage 
system could imitate the curling and uncurling of a human finger in a way that looked natural, 
shown in the figures below. 
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FIGURE 1: DESIGN 1, CLENCHED HAND 
  
FIGURE 2: DESIGN 1, RELAXED HAND 
The team also developed an adaptive grasp mechanism, which allowed the fingers to 
conform to the shape of the object being grasped. This design utilized built-in snap closures and 
did not require any external fasteners. Unfortunately, snap closures are small by nature, which 
was detrimental to the strength of the design. Several smaller links in this design broke during 
assembly, preventing it from being physically tested, so the team had to separate what features 
were truly necessary from the features that were simply nice to have. Another flaw with this first 
design was that the palm was separated into two halves; one anchoring the thumb and the other 
supporting the fingers. The two halves we held together with snap-fit latches, but the angle of the 
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palm caused them to slide and separate from each other, rendering the latches ineffective. A 
design that is aesthetically pleasing but nonfunctional is an unacceptable final product and may 
even bring harm to the user. 
The team reviewed the features that worked well—such as the linkage digit design—as 
well as what features did not work well—such as the snap closures—and redesigned accordingly. 
The second major design of this MQP evolved into the final product highlighted in this report. 
The digits were made more robust, designed with the intent of manufacturing them as 
functioning subassemblies, replacing the snap closures. Strength was added to the knuckles by 
using Chicago screws instead of 0.10-inch diameter pins. The finger design was also simplified 
from three joints to two joints. It was found through comparison with other 3D printed designs 
that having the distal and intermediate phalanxes fixed at an angle offered similar grip strength to 
a three-jointed finger, with less complexity. The final product of this MQP is not only a hand, but 
a full prosthetic arm powered by pure mechanical actuation. Physical testing showed that the 
product is able to grip and move chairs, turn and open door handles, and carry 10-12 lbs of force 
directly on the fingers before slipping.  
 
  
FIGURE 3: DESIGN 2 
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Chapter 1: Introduction 
Low-cost 3D printed prosthetic designs are becoming a more and more popular option for 
children who need prostheses. State-of-the-art prostheses can cost hundreds of thousands of 
dollars, which is not sustainable for families who must purchase new devices every year as their 
children grow out of them.  
Although 3D printing has been used exclusively for prototyping in previous years, 
technological advances have allowed final products to be produced using these same 
manufacturing techniques. 3D printing in general is a less expensive manufacturing method 
compared to other processes, such as CNC machining. Plastic injection molding is less expensive 
than 3D printing but is only capable of producing vast amounts of a single model. Parts 
manufactured through injection molding cannot be scaled easily, not without having several 
different sized molds at the ready. Even still, a proper prosthesis is a custom device, and 3D 
printing offers more freedom to make minute adjustments to the design than the cookie-cutter 
style of mass production that is injection molding. 
 In addition to the rise in popularity of 3D printing, makerspaces have been becoming 
more prevalent over the United States. These spaces give local communities the opportunity to 
innovate and have access to machines that they would not have access to under normal 
circumstances. The introduction of these facilities also makes it easier for any person to produce 
a 3D printed prosthesis. The easy access people now have to casual manufacturing facilities is 
why non-profit companies like eNABLE, Limbforge, and the Victoria Hand Project have been 
creating different 3D printed prosthetic designs. This MQP studied several products form these 
companies to understand the positive and negative aspects of each design and business model. 
The goal of this MQP is to design a 3D printable, parametrically scalable transradial arm 
prosthesis that combines the best practices of extant designs. The team must be able to simplify 
the assembly, scale the design, and increase the robustness of the components, in addition to 
other design challenges. This report details the designing, manufacturing, and testing of the 3D 
printed prosthesis.  
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Chapter 2: Background 
A prosthesis is defined as an artificial substitute for a missing part of the body 
(Prosthesis, 2018). The origin of the prosthesis is attributed to the 16th-century French surgeon, 
Ambroise Paré, who introduced the implementation of artificial limbs and eyeballs to soldiers 
who were maimed in battle, though ancient records indicate that some crude artificial 
appendages were used for war or hiding deformities as early as the Greco-Roman Period 
(Hernigou, 2013). The majority of early prostheses were nonfunctioning iron or wooden 
placeholders, which later evolved into metal hooks or nonfunctioning wooden hands covered 
with leather after the 17th century (Thurston, 2007). Paré’s prostheses were designed not only to 
have the appearance of human limbs, but to function and move like them as well. Some of his 
designs include a leg with a mechanical knee that locks straight and bends at will as well as an 
arm that utilizes a pulley system to imitate arm muscles (Hernigou, 2013).  
Increased functionality and acceptance of prostheses have accompanied major wars 
throughout history. For example, improved joint designs and new lightweight plastics reinforced 
with glass fibers were introduced after World Wars I and II. This development arose primarily 
because veterans were dissatisfied with the lack of technology in their own prosthetic limbs and 
demanded advancement (Norton, 2007). In more recent years, rising interest in rapid prototyping 
techniques have been influencing the development of prostheses. 
There are two great advantages with 3D printing a prosthesis: the turnaround time and the 
price of the finished product. Traditionally manufactured prosthetic arms require at least five 
days to manufacture, while 3D printed arms only need two days depending on the performance 
of the printer. This is highly beneficial for a patient who had an arm amputated, because he or 
she can spend less time in the hospital waiting for a new limb (Birrell, 2018). 3D printed arms 
are also significantly less expensive than traditionally manufactured arms. Purely cosmetic arms 
cost about 5,000 USD for patients with health insurance, while 3D printed prosthetic arms 
average at about 55 USD (Birrell, 2018). A fully functioning, myoelectric prosthetic arm can 
cost upwards of 100,000 USD ("How Much…", 2018). 
Low-cost 3D printed prostheses are even more popular with growing children. An 
inexpensive prosthesis is more feasibly replaced each year as the child outgrows his old one. 
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Depending on the country the child lives in, some children prefer a futuristic, robotic-looking 
hand, while others prefer a more realistic design (Birrell, 2018). The CAD file can be altered to 
meet both cosmetic needs. 
2.1 Rapid Prototyping Technology 
Rapid prototyping is known as the technique of fabricating a physical prototype from a 
CAD file.  Additive manufacturing and 3D printing are synonymous for the process of 
constructing a physical model layer by layer from a CAD file ("3D Printing Vs Additive", 2018). 
In short, rapid prototyping covers a broad range of manufacturing techniques while additive 
manufacturing refers to a specific build style.  The term “rapid prototyping” is no longer 
relevant, however, because the improvement of the technology is allowing for finished products 
to be produced by these machines, not just prototypes (Gibson, Rosen, & Stucker, 2012). This 
MQP focuses on additive manufacturing, specifically using fused deposition modeling, though 
other technology exists. 
Fused deposition modeling is the most common form of 3D printing, FDM for short. 
FDM melts thermoplastic filament such as PLA or ABS and extrudes the plastic onto a build 
plate, layer by layer, until the print is complete. FDM printers start from the bed and build up, 
putting down filament for both the model and any supports the operator may have added to 
prevent the part from collapsing mid-print. Depending on the machine, the support material can 
be different from the model material. FDM is nearly identical to the process FFF, which stands 
for fused filament fabrication. The only difference is that FDM has been trademarked by 
Stratasys while FFF has no legal constraints (Palermo, Fused Deposition Modeling: Most 
Common 3D Printing Method, 2013). 
In addition to layering by extrusion, techniques involving layering by resin or by powder 
also exist. Processes involving resin typically fall under the general category of 
stereolithography, which is abbreviated as either SL or SLA. The abbreviation SLA, for 
StereoLithography Apparatus, was trademarked by 3D Systems Incorporated, though it has 
become the more popular of the two abbreviations. Stereolithography is the process of curing 
photopolymer resin with an ultraviolet light. Again, this is done layer by layer until the print is 
complete (Langnau, 2017). DLP, Digital Light Processing, also utilizes resin and ultraviolet 
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light, but not quite the same way. SLA machines use two motors to drive a laser smoothly along 
the path of each layer, while DLP machines use a projector to flash the entire image onto the 
resin at once. The models themselves look different as a result, with SLA models having 
smoother lines from the laser following the path and DLP models appearing more pixelated from 
having each layer’s image projected from a digital screen (DLP, 2017). 
Processes utilizing powdered material typically fall under the category of laser sintering, 
or LS. Another name for this process is selective laser sintering, SLS. Laser sintering is the 
process of atomic fusion of powders with a laser. A thin layer of powdered material, typically 
nylon or another plastic, is spread across the build table and a laser traces a cross section of the 
part. More powder must be added onto the solidified powder in between layers. Depending on 
the technique, the powder is either sintered or melted altogether. The difference is that sintered 
powder is heated to just below the boiling point of the material, while melted powder is heated 
above its boiling point. One benefit of choosing to laser sinter a part rather than another form of 
additive manufacturing is the absence of additional printed supports; the remaining powder 
provides enough support to manufacture the part (Palermo, What is Selective Laser Sintering?, 
2013). 
2.2 Amputation Anatomy 
According to the National Trauma Data Bank, 1% of trauma patients in the United States 
required amputations from 2000 to 2004. Of this pool of patients, 76.9% suffered from loss of 
digits while 23.1% lost entire limbs. Of the limb amputation group, 41.1% were upper extremity 
amputations (UEAs) (Barmparas, et al., 2010). Causes of loss of limb include, but are not limited 
to, injury, infection, tumor, diabetes, or insufficient blood supply (Amputation, 2018). UEAs are 
defined as the removal of any part of the forearm or arm and have several different 
classifications, which are discussed below (Bradeigh, et al., 2018). 
The first level of UEA is the transcarpal amputation. This is the least life-threatening 
UEA because the patient only loses a few fingers or part of his or her palm. In wrist 
disarticulation, the patient will lose everything from the wrist down. The next level is the 
transradial amputation, which can vary in its severity. A transradial amputation is anywhere 
below the elbow and above the wrist, so any prosthetic arm designed for a transradial amputee 
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must be adjusted to account for the length of the remaining forearm. Following transradial is 
elbow disarticulation, where the limb is severed at the elbow. Transhumeral amputations occur 
anywhere below the shoulder and above the elbow, so the severity of this amputation varies 
similarly to the transradial amputation. After transhumeral is shoulder disarticulation, where the 
limb is removed at the shoulder. The last and most life-threatening UEA is forequarter, where 
the entire shoulder is removed along with everything below it (Upper Extremity Amputation, 
2018). In addition to surgically conducted amputations, individuals who are born missing limbs 
are said to have suffered from congenital amputation (Amputation, 2018).  
2.3 Components of Transradial Prostheses 
A normal human arm consists of 64 bones, 10 of which are for the shoulder and arm, 16 
are for the wrist, and 38 make up the hand ("Definition of Bones…", 2018). Combined with 
muscles and ligaments, these bones act as a motor-driven linkage system. It is important to keep 
the mobility of the extremity in mind when designing a suitable prosthesis. This project focuses 
on the mobility required of a transradial prosthesis. 
A transradial prosthesis is made of three major parts: the gauntlet, the socket, and the 
hand. The gauntlet and socket serve the purpose of attaching the prosthesis to the user while the 
hand completes a grasp. The hand is referred to as the terminal device, which is the label given to 
the most distal component in an upper extremity prosthesis (Fryer, 1992). Terminal devices can 
be divided into two types, passive and prehensile. Passive terminal devices are purely cosmetic 
and do not contain moving parts. Prehensile devices do contain moving parts and are further 
classified based on their mode of operation. This MQP focused on the “voluntary-closed” type of 
prehensile terminal device, meaning that the hand is open in its relaxed state and is able to close 
at the will of the wearer when the grasp mechanism is triggered. “Voluntary-open” devices 
operate exactly opposite this; the terminal device is clenched in its relaxed state and opens when 
a spring system is activated (Fryer, 1992). 
A prehensile terminal device can be as simple as a split hook or as complicated as a full 
hand with multi-jointed fingers. The voluntary-opening hook powered by body movement was 
designed by D. W. Dorrance in 1912 and was the most popularly prescribed terminal device in 
the United States (Hosmer Products, 2018). This device features canted fingers and a switch at 
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the base of the thumb which opens the fingers when activated. An object that is canted is at a 
slant, as is seen in the hook fingers in the figure below.  
Variations of the voluntary-opening hook terminal device 
include plastisol coatings for improved grip friction, hollow fingers 
for lighter weight, and differently shaped fingers to grasp different 
objects. The “work hook” was designed with a large opening 
between the two hook fingers in order to hold farming tools and 
perform heavy duty grasps. It also has a series of small grooves that 
allow the wearer to carry objects such as nails or buckets with ease. 
The “two-load” hook has the fingers oriented in a rounder shape, 
rather than a canted one, in order to grasp cylindrical objects like 
bottles or cans better. The two-load hook features a switch at the 
bottom of the thumb for the wearer to activate either one or two 
springs to adjust the strength of the grip (Fryer, 1992). 
The voluntary-closed hook design, shown in Figure 4, shares 
the same two-load finger style as the voluntary-opening model, 
though it lacks a locking mechanism. The fingers are activated using 
biceps cineplasty, meaning that the biceps are trained to activate the terminal device without the 
aid of a harness. The individual muscle is surgically 
attached to the prosthesis for ease of actuation (Gale & 
Hueston, 1957). This hook design is able to automatically 
lock when the grip is completed, and a switch is located 
at the thumb to release the grip. The switch can also be 
used to set “small grips” and “large grips” to aid the user 
when attempting to hold different objects. The most 
significant drawbacks to this design were the cost of the 
finished product and the fragility of the fingers 
themselves; the complex mechanism was expensive to 
maintain, and the hollow aluminum fingers were prone to 
failing.  
FIGURE 5: VOLUNTARY-
OPENING HOOK TERMINAL 
DEVICE (FRYER, 1992) 
 
FIGURE 4: THE APRL HOOK, DEVELOPED BY 
THE ARMY PROSTHETICS RESEARCH 
LABORATORY (FRYER, 1992) 
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The fact that the device operates solely through cineplasty also dramatically limited the 
number of patients it could be used with (Fryer, 1992). 
The voluntary-closed hand was not as popular as the hook. This 
is because the frictional losses between mechanisms are greater and the 
rubber coating that covers the hand somewhat impedes the motion of 
the mechanism (Fryer, 1992). The voluntary-closed hand operates in 
exactly the same way as the voluntary-closed hook; it automatically 
locks when the grasp is accomplished and has a switch-release that can 
also set grip size. Unfortunately, the curve of the fingers caused 
difficulties for the users, who relied on sight to ensure their grip was 
successfully completed; the curve blocked the fingertips form view 
(Fryer, 1992). 
The main purpose of a terminal device is to perform a grip, of which there are two main 
types: power grasps and precision grips. Any combination of these two patterns “provides the 
anatomical basis for all prehensile activities” (Landsmeer, 1962). A power grasp is generally 
applied when picking up a cylindrical object; the hand acts as a clamp with the fingers and 
thumb curled opposite each other and the object itself pressed against the palm (Landsmeer, 
1962). 
In a precision grip, the fingers bend to meet the thumb to pick up a small or delicate 
object. The object locked in a precision grip is held away from the palm, with the pads of the 
fingertips in contact with the pad of the thumb (Landsmeer, 1962). 
 
FIGURE 6: SIERRA 
MECHANICAL HAND, APRL 
MODEL (FRYER, 1992) 
 
FIGURE 8: POWER GRASPS (PRECISION GRIP VS 
POWER GRIP, 2014) 
 
FIGURE 7: PRECISION GRIPS (PRECISION GRIP VS 
POWER GRIP, 2014) 
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2.4 Current 3D Printed Prosthetic Arms 
As was stated previously, 3D printed prosthetic arms are growing in popularity. One of 
the largest open-source communities for designing and manufacturing 3D printed upper 
extremity prostheses is the e-NABLE community, short for “Enabling the Future.” Their website 
features several different hand designs, mostly oriented towards growing children. The designs 
are grouped by wrist-actuated, elbow-actuated, single finger, and task specific terminal devices. 
For the purposes of this MQP, the team paid most attention to the elbow-actuated designs for 
transradial prostheses. The team also investigated a previous MQP, which combined e-NABLE’s 
Raptor-Reloaded and Cyborg Beast hands into a single scalable model.  
The WPI adaptation shown in 
Figure 9 features options for two or three 
jointed fingers and relied on stretchy cord 
and fishing line to clench and relax the 
digits. This design is scalable, requiring 
only a few inputs to create different sized 
prostheses without altering any hole sizes 
for screws or feeding the cords. This 
design is intended for a transcarpal 
amputee and is wrist-actuated, but the 
most important feature to be analyzed is 
the grasp mechanism. As the wrist bends, 
the cord stretches through each finger 
while the fishing line is pulled taught, 
clenching the fingers and thumb. When the 
wrist straightens, both the fishing line and stretchy cord relax, which in turn relaxes the digits 
(Greene, Lipson, Mercado, & Soe, 2016). The largest flaw with the design is that over time the 
stretchy cord loses its elasticity, while the fishing line deforms plastically. The knots may also 
come undone over time. 
 
FIGURE 9: WPI HAND I (GREENE, LIPSON, MERCADO, & SOE, 2016) 
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Another grip mechanism that was 
studied was that of Knick’s prosthetic finger. 
As the name implies, this prosthesis is a 
single finger, for a less severe transcarpal 
amputee. This design also relies on tension 
from a bent knuckle to actuate the phalanxes. 
Stretchy cord runs the length of the interior of 
the finger as if it were a tendon, very similar 
to the WPI model and is available for 
download on the e-NABLE website 
(Brookins, 2016). 
On e-NABLE’s website, two elbow-actuated arms are available for download: the 
Rochester Institute of Technology (RIT) arm and the Unlimbited arm, available in its original 
design and in a parametric form. Both designs utilize the stretchy cord tension technique for the 
grip mechanism as the previous designs have. The differences here are with the arm portion 
itself, not the terminal device. The RIT arm is screwed together for ease of serviceability, while 
the Unlimbited arm is held together with 3D printed pins. The Unlimbited arm also requires the 
manufacturer to form the forearm portion by warming the plastic and pressing it over a wooden 
roller to achieve a more ergonomic shape (Elbow Powered, 2018). This arm is not as serviceable 
as the RIT arm because the final forming must be done by hand and results may vary depending 
on the skill level of the manufacturer, meanwhile other 3D printed parts will only vary between 
printers. 
 
 
 
 
FIGURE 10: KNICK'S PROSTHETIC FINGER (BROOKINS, 2016) 
 
 
FIGURE 11: RIT AND UNLIMBITED ARMS (ELBOW POWERED, 2018) 
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Another online prosthesis-making community is LimbForge. This community separated 
from e-NABLE in order to seek out better fitting techniques from medical professionals. Their 
designs are not open source because they are custom fit for each patient, there is no one-size-fits-
most solution. Each amputee is unique; therefore, each prosthesis must also be unique. The 
LimbForge community utilizes a software by the same name that allows clinicians to spend less 
time customizing these devices, but also stores the design away to be customized further at a 
future date to fit nearly any human anatomy (LimbForge, 2018). 
The final 3D printed 
prosthesis studied was the 
Victoria Hand, developed by 
Nikolai Dechev and a team of 
students in Victoria, Canada. The 
grip mechanism in this hand is 
vastly different from the previous 
designs, as it utilizes a linkage 
system with springs and a cable 
instead of stretchy cord that will 
lose its elasticity. This design 
also incorporates a rotating 
thumb and adaptive grasp mechanism in order to perform both power grasps and precision grips. 
The adaptive grasp was achieved by utilizing a force plate and extension springs, shown in 
Figure 12. 
 When the cable is pulled and the springs compress, the fingers close one at a time, 
starting from the pinkie and moving inwards towards the index finger. This allows the user to 
perform precision grips because the unused fingers curl out of the way. Power grasps work the 
exact same way; the fingers will curl around the object, pinkie first, until all fingers have a firm 
hold on the object. 
Another technique for creating an adaptive grasp mechanism is to use a whippletree 
which goes by many other names such as whiffletree, leader-bar, and equalizer. This mechanism 
has been used for centuries on horse teams and has found modern uses in precision engineering 
FIGURE 12: VICTORIA HAND ADAPTIVE GRASP MECHANISM (DECHEV, DESIGN OF 
A MULTI-FINGERED, PASSIVE ADAPTIVE GRASP PROSTHETIC HAND: BETTER 
FUNCTION AND COSMETICS, 1998) 
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(The Whiffletree, 2018). A whippletree in a prosthetic hand is made up of several triangular 
pieces attached with fishing line or other thin cord. These pieces, “whipples,” attach to each 
finger and the thumb. When the hand is actuated, the tension in the cords causes the digits to 
close. When the hand is closing around an irregularly shaped object, the whipples will adjust so 
each finger can close completely around the object for a more natural grip. 
 
FIGURE 13: WHIPPLETREE IN A PROSTHETIC HAND (WOOD, 2014) 
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Chapter 3: Methodology 
The team followed the basic engineering design process while developing the design for 
a transradial prosthesis. The first step was to research extant prosthetic limb designs as well as 
the needs of the amputees who use such devices, which was detailed in Background of this 
report. This research lead to the formation of a set of design specifications, and from there a 
design that fit them. The team built a prototype of this first design and evaluated its functionality. 
Due to unnecessary complexities in the model, this first design was unable to function as 
intended. The design specifications were then reviewed and revised, and a second design was 
produced and tested. 
The first major design was a smaller hand that included a six-link finger system similar to 
the one used in the Victoria Hand, an adaptive grasp mechanism like the one used in the e-
NABLE hands, and a ratcheting-lock system. This first design, though containing several 
desirable features, was too complicated to function correctly. The design was supposed to have 
realistic digit movement, an adaptive grasp, and a system for the user to lock his hand in certain 
positions without having to hold his elbow in a bent position. When these features were scaled 
down to the size of a child’s hand, the parts were simply too small to function without breaking. 
This first design did not meet the design specifications that were set for it. 
The first design was not a complete failure, however. Features that produced desirable 
results, such as the linkage digit design, were carried over into the second major design. The 
scope of the project was simplified and the design was kept modest, but functional, following the 
KISS principle. In the second major design of the prosthetic arm, the finger was simplified from 
a six-link system to four, the same number as the thumb. The second design does not include any 
adaptive grasp mechanism or ratcheting-lock system either, but it was able to meet its new 
design specifications. By separating the necessary features from the features that were just nice 
to have, the team was able to produce a functional design. 
 The original design specifications for the first design as well as the revised specifications 
for the final model are detailed below. Though there were two significant design iterations, 
dozens of smaller iterations were made in between to address tolerancing and other problems as 
they became apparent. The design was broken down into several subcategories, with many 
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iterations within each of them. During the design process, each subcategory was addressed 
individually, and the most successful iterations were combined to produce the top-level 
assembly. 
3.1 Original Design Specifications 
The first design was originally intended only to be the terminal device, with different 
attachments to fit extant sockets and gauntlets. The design specifications listed below were 
formulated using the information from the background research. 
The prosthesis must: 
• Resemble a human hand in proportion and configuration  
• Be powered manually  
• Be a voluntary close hand  
• Have an adaptive grip  
• Have 1 degree of freedom (actuated by the movement of an elbow)   
• Perform a power grasp and a precision grip (Lari Vainio, 2007) 
o Have a precision grip strength of at least 3 lb (Smit, Plettenburg, & C T 
van der Helm, 2013)  
o Have a power grasp strength of at least 10 lb (Belter, Segil, Dollar, & 
Weir, 2013) 
• Have a locking system for extended use 
• Weigh no more than 0.77 lb (Smit, Plettenburg, & C T van der Helm, 2014) 
• Use an actuation force less than 12 lb (Smit, Plettenburg, & C T van der Helm, 
2014) 
• Hold an object as fragile as an egg  
• Hold an object as small as a toothbrush  
• Hold an object as large as a baseball  
• Be able to be assembled in fewer than 2 hours  
• Be able to withstand 300,000 grasping cycles without failure (Belter, Segil, 
Dollar, & Weir, 2013) 
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3.2 Design 1 – Smaller Hand with Six-Link Finger 
As stated previously, the design was broken up into different focus areas. The focus areas 
for the smaller hand with the six-link fingers were as follows, listed in the order that they were 
addressed:  
1. Six-Link Finger Linkage System 
2. Adaptive Grasp Mechanism 
3. Ratcheting System 
4. Four-Link Thumb Linkage System 
5. Palm Housing 
6. Arm Attachment 
The team cycled through many iterations for each focus area and the models that 
produced the most satisfactory results were used in a complete hand assembly. 
3.2.1 Focus 1: Six-Link Finger Linkage System 
For Focus 1, the team researched different finger designs used in prostheses. After the 
research detailed in Background, the six link finger that N. Dechev, W.L. Cleghorn, and S. 
Naumann described in their article "Multi-segmented finger design of an experimental prosthetic 
hand" was chosen to be the inspiration for the finger design (Figure 14). This design was 
prioritized because it replaced the elastic cabling found in other prosthetic arm designs. Elastic 
cabling often stretches out over time, whereas the springs replacing the cabling would have a 
longer lifetime. This linkage system was initially designed to be manufactured on either a 3D 
printer or a laser cutter. 
The reason for doing so 
was to provide options to 
someone who would be 
making this prosthesis in 
a makerspace or similar 
facility, based on the 
available machines. 
FIGURE 14: DIAGRAM OF FINGER LINKS AND ASSEMBLY (DECHEV, CLEGHORN, & NAUMANN, 
MULTI-SEGMENTED FINGER DESIGN OF AN EXPERIMENTAL PROSTHETIC HAND, 2000) 
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The Kutzbach equation was used to find the mobility of this linkage system. The 
Kutzbach equation is the equation shown below where M is the degree of freedom or mobility, L 
is the number of links, J1 is the number of full joints, and J2 is the number of half joints. 
𝑀𝑀 = 3(𝐿𝐿 − 1) − 2𝐽𝐽1 − 𝐽𝐽2 
This linkage system has seven links including ground, eight full joints (pins) between 
each of the finger links, and one half joint (slider) attaching link six to ground. With these 
parameters, the degree of freedom of this finger is one. This means that the finger only requires 
one method of actuation to produce the desired motion. 
𝑀𝑀 = 3(7 − 1) − 2(8)− 1 
𝑀𝑀 = 1 
This single degree of mobility is shown in Figure 15.  
 
FIGURE 15: SINGLE DEGREE OF FREEDOM FINGER MOTION (DECHEV, CLEGHORN, & NAUMANN, MULTI-SEGMENTED FINGER DESIGN OF AN 
EXPERIMENTAL PROSTHETIC HAND, 2000) 
Laser Cut Design 
The laser cut finger design started as a 2D line sketch in SOLIDWORKS using sketch 
blocks. The lengths of each line were altered until the desired motion was created, forming a 
“skeleton sketch”. The outlines of each of the links were developed around the skeleton as well 
as the holes for the pins. This outline was made into a SOLIDWORKS drawing, which was then 
16 
 
exported to Adobe Illustrator where it could be formatted for laser cutting. This finger was made 
using 3 mm thick acrylic (Figure 16).   
Pins were 3D printed to hold the 
assembly together. One problem with this design 
was that the laser cut portion of the finger acted 
more like the skeleton it evolved from, rather 
than the meat of a real finger. The laser cut finger 
would require external housing in order to 
perform a proper grip (Figure 17). 
Another problem with this design was 
that the different links needed spacers so that the 
links would not move laterally. These spacers 
were created as well as an external housing for 
the finger, but it was found that using the laser 
cutter overcomplicated the design of the finger. 
For this reason, the 3D printed design was 
chosen to be utilized in future iterations. 
3D Printed Design 
All of the 3D printed parts were printed 
on the Sindoh DP200 unless stated otherwise. 
Similar to the laser cut design, the six finger links 
were created in SOLIDWORKS in 2D based off 
of a skeleton sketch so that the best link lengths 
for the size and movement of a finger could be 
determined without the hassle of editing several 
different features. These 2D sketches were made 
into 3D parts so that they could interact with each 
other in 3D space. The first printed, unassembled 
versions of these links are shown in Figure 18.  
FIGURE 16: LINKS WITH PERSPECTIVE PENNY 
 
 
FIGURE 17: ASSEMBLED LASER CUT FINGER 
 
 
FIGURE 18: 3D PRINTED UNASSEMBLED LINKS 
 
 
17 
 
The two smaller links, link 4 and link 5, 
could not be connected to each other with an 
external pin that extended throughout the whole 
finger because that pin would limit the motion 
of the other links. The team adapted the shape 
of these links so that link 4 included an internal 
pin so links 4 and 5 could be connected to each 
other (Figure 19). 
 It was difficult to assemble the finger 
with the external pins, so the links were 
recreated with snap-fit pins that were printed as 
part each link (Figure 20). With older iterations 
of the integrated pin design, problems occurred 
where the pins would pop out of their sockets if 
too much force was applied to actuate the 
finger. The walls of each link were also too 
thin. These problems were the results of the 
finger itself being the smallest intended size for 
a scalable hand.   
Revisions were made to the thickness of 
the links as well as the length and diameters of the pins. 
This resulted in the finger pictured in Figure 21 and 
Figure 22. A testing housing was created so that the 
fishing wire and the spring needed to actuate the finger 
could be attached. This allowed for testing of springs 
with varying spring constants until the proper spring was 
found. This spring had the stiffness to hold the finger 
extended in its relaxed state, but was weak enough so that 
it did not require an exhaustive amount of effort to close 
the finger.  
FIGURE 19: INSIDE THE THIN ASSEMBLED FINGER WITH 
EXTERNAL PINS (RED) 
 
 
FIGURE 20: INTERLOCKING THIN FINGER WITH NO   
EXTERNAL PINS 
 
 
FIGURE 21: THICKER 3D PRINTED FINGER WITH TESTING 
ATTACHMENT (BOTTOM VIEW) 
 
 
FIGURE 22: THICKER 3D PRINTED FINGER WITH 
TESTING ATTACHMENT (SIDE VIEW) 
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After using the testing enclosure to see how the finger would interact with the palm, the 
interfacing was changed. The problem with the original design was that the spring was not 
compressing axially, but was shifting from side to side. To address this issue, another link was 
introduced to the system. This new link was referred to as the spring compressor (Figure 23). 
This spring compressor acted as a piston that compressed the spring in its internal cylinder so 
that it would only compress axially. 
 
FIGURE 23: FINGER WITH INTERNAL SPRING AND SPRING COMPRESSOR 
The spring compressor required a guiding slot so that it would remain vertical when it 
was pressed into the spring hole (Figure 24). Without this slot the spring compressor would shift 
from side to side and create unwanted resistance.  
 
 
Spring 
 
FIGURE 24: SPRING COMPRESSOR WITH SLOT IN 
SPRING HOLE 
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3.2.2 Focus 2: Adaptive Grasp Mechanism 
After designing the finger system and deciding to use the 3D printed version of the 
design, the team moved onto Focus 2, designing an adaptive grasp mechanism. A whippletree 
mechanism was used, similar to the mechanism used in the eNABLE designs, but it was laser cut 
out of an acrylic sheet. Laser cutting was chosen over 3D printing for this component because 
the yield strength of cast acrylic is 9400 - 12100 psi (Overview of materials for Acrylic, Cast , 
n.d.), whereas the yield strength for polylactic acid (PLA) is 8840 to 9500 psi (Polylactic Acid 
(PLA) Typical Properties, n.d.). The yield strength for 3D printed PLA tends to be even lower 
than this because of the variable adhesion between each layer of the part. The whippletree 
attached to the four fingers in the testing housing as shown in Figure 25.  
 
3.2.3 Focus 3: Ratcheting System 
The ratcheting system was originally integrated into the testing 
housing because it helped test the whippletree design by pulling on the 
fishing wire without needing to have an arm for actuation. It was 
designed to be a pin that the fishing wire would be threaded through, 
acting as a spool for the fishing line to wrap around as the pin is 
turned. This would shorten the length of the unwound fishing line, 
thus closing or clenching the fingers. Figure 26 depicts the ratchet at 
the end of this pin that would lock in place after each turn. The user 
would use his functional hand to turn the pin and then push the pin out 
FIGURE 25: WHIPPLETREE IN TESTING HOUSING 
 
 
FIGURE 26: RATCHET 
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to release the ratchet to free the wrapped fishing wire. This ratcheting system was made with the 
intention of future integrated into the hand or forearm component.  
Figure 27 shows the entire testing hand assembly with the six link fingers, adaptive grasp, 
and ratcheting systems. 
 
FIGURE 27: ENTIRE CURRENT HAND TESTING ASSEMBLY 
3.2.4 Focus 4: Four-Link Thumb Linkage System 
After iterating through the different finger designs, the best qualities of the final finger 
were used to design the thumb. The thumb differs from the finger because it only contains four 
links instead of the six links. This parallels human anatomy; human fingers have three knuckles 
and three main lengths while human thumbs have two knuckles and two main lengths. N. 
Dechev, W.L. Cleghorn, and S. Naumann’s four-link thumb is shown in Figure 28. 
The Kutzbach equation was 
used to find the mobility of this 
linkage system. As a reminder, the 
Kutzbach equation is the equation 
shown below where M is degree of 
freedom or mobility, L is the 
number of links, J1 is the number of 
full joints, and J2 is the number of 
half joints. 
𝑀𝑀 = 3(𝐿𝐿 − 1) − 2𝐽𝐽1 − 𝐽𝐽2 
FIGURE 28: THUMB LINK ASSEMBLY 
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This linkage system had five links including ground, five full joints (pins) between each 
of the finger links, and one half joint (slider) attaching link four to ground. With these 
parameters, the degree of freedom of this thumb is equal to one. This means that the thumb only 
requires one method of actuation to produce the desired motion. 
𝑀𝑀 = 3(5 − 1) − 2(5)− 1 
𝑀𝑀 = 1 
Although this digit was created with the 
same design intent as the finger, it was made to 
look more like a thumb. Each separate link is 
shown in Figure 30, while the assembled version 
is in Figure 29. 
The main difficulty with designing the 
thumb was figuring out how it would interact 
with the rest of the palm that was yet to be 
designed. The fingers were simple to attach to 
the palm because the spring slots of the fingers 
were parallel to the length of the palm. The 
thumb slot needed to be placed at an angle to 
ensure that when the thumb clenched, it would be 
moving relative to the fingers like an actual 
thumb. At this point in time, without a palm 
model, it was decided that the angle for the 
thumb should be fixed at 45°. Once assembled at 
this angle, the thumb was to meet the index 
finger at its new clenched position. 
The testing enclosure for the thumb is shown in Figure 31. At this point in the design 
process, there were four fingers and a thumb functioning in individual housings that did not look 
like a palm when combined. The next goal was to integrate these different designs into a 
cohesive palm housing. 
FIGURE 30: DISASSEMBLED THUMB 
 
 
FIGURE 29: ASSEMBLED THUMB 
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FIGURE 31: THUMB WITH ANGLED TESTING ENCLOSURE MODEL (LEFT), 3D PRINTED (RIGHT) 
3.2.5 Focus 5: Palm Housing 
The palm needed to accomplish several tasks: serve as a base for the fingers and thumb, 
contain the adaptive grasp mechanism, and eventually attach to a wrist. The fingers were fairly 
simple to fixture, but the adaptive grasp mechanism had to be placed inside the palm in order to 
protect the whippletree from catching on furniture or other objects. In order for the adaptive 
grasp mechanism function inside the hand, a palm needed to be designed such that the adaptive 
grasp mechanism could be inserted during assembly. To accomplish this, the team decided that 
the palm should be printed in two parts: the first part holding the fingers and the second part 
holding the thumb; the whippletree would go between them. 
The first part of the palm was similar to the original testing housing made for the fingers, 
but with an additional extrusion to make the part appear more like a palm (Figure 32 and Figure 
33). A problem that arose immediately was that the original whippletree design was too large to 
fit inside this new palm shape; when the mechanism was activated, the bottom-most whipple 
extended out past the end of the palm and into open air. To remedy this, the whippletree was 
simplified from three whipples to one. This sacrificed some of the adaptive grasp in order for the 
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design to contain itself. If the palm was simply made longer to accommodate the original tree, 
the finished prosthetic hand would be disproportionate to an actual hand. 
The second part of the palm 
housing is shown attached to the first 
part in Figure 34. Latches were added to 
the sides and bottom of the palm, so the 
two palm halves can be assembled and 
disassembled with ease. The design 
guide published by Bayer’s Material 
Science group was used to determine the 
proper shape of a snap fit latch and how 
stresses affect the latch depending on 
placement and size. The latch tapered 
from the base to the tip to distribute the 
stresses evenly over the entire length of 
the latch as opposed to being 
concentrated at the base.  
 
 
FIGURE 34: PALM MODEL WITH THUMB ATTACHMENT 
FIGURE 32: PALM HOUSING WITH ADAPTIVE GRASP 
   
 
 
FIGURE 33: BACK OF PALM HOUSING 
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3.2.6 Focus 6: Arm Attachment 
The team decided early on in this project that the main effort should be focused on the 
hand portion of the prosthesis as opposed to the arm portion. According to the background 
research, the terminal device in any UAE prosthesis contains the most complex mechanisms out 
of the entire device. In addition to this, prostheses must be fit to the patient by medical 
professionals, which the members of the team do not claim to be. Sockets and gauntlets for 
transradial prostheses do not vary much between designs. For this reason, the team decided to 
adapt open source arms at the wrist to fit the hand, such as the Rochester Institute of Technology 
(RIT) eNABLE arm. The original intention was for this hand to fit both the RIT arm and the 
Unlimbited arm from eNABLE, with minor adjustments to each form. 
The RIT arm attachment was not adapted in the first iteration of the full arm prosthesis 
because the hand itself needed some improvements. The hand was still too complex to assemble, 
with its many small finger links. The adaptive grasp mechanism and the latches on the palm 
housing made the palm too fragile, and the shape of the palm caused the latches to slip out of 
place, rendering them ineffective. 
3.2.7 Ultimaker Design 
A new finger design that could be printed as a fully functioning assembly was developed 
concurrently with the first major prosthesis design. This finger was to be printed on an Ultimaker 
3 with water soluble supports. 
The inspiration for the change in design came from the difficulties the team experienced 
assembling their own finger; there were simply too many small pieces that were either easy to 
put in backwards or even accidentally break during assembly due to their size. External pins 
proved to be a nuisance because they were even smaller prints than the links and were not 
particularly secure. The snap pins that were incorporated into individual finger links were better 
but required some strength to snap together. The snaps couldn’t be designed for easier assembly 
because that would result in the links popping out of their sockets while experiencing a load.  
In this subassembly version of the finger, the pins spanned across the width of the finger. 
These link models cannot be printed separately because there are no openings in the pins for the 
links to be assembled manually. This added strength to the design, and the team no longer had 
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problems with the finger dismantling itself because it was physically impossible unless one of 
the surfaces failed catastrophically. Figure 35 shows the full hand assembly being printed on the 
Ultimaker 3 with water-soluble supports. Figure 36 shows the assembly dissolving in a water 
bath. With a larger sized assembly, the supports took about 24 hours to dissolve. This was one of 
the drawbacks to the assembly-printed design. Although there was no assembly involved, a 
significant amount of time was required to remove the supports. The team still liked the concept 
of this design because of the increased joint strength and the negated risk of dislocating joints.  
 
FIGURE 35: HAND PRINTED AS AN ASSEMBLY ON ULTIMAKER 3 
 
FIGURE 36: DISSOLVING SUPPORTS 
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3.3 Revised Design Specifications 
Due to the fact that the fingers and attachments were too weak in the first design, the 
team decided to start a new design that was simpler and sturdier. The team edited the design 
specifications to refocus their efforts on the functionality of the device. New or altered design 
specifications are noted in italics. Design specifications from the original list that were removed 
are noted with a strikethrough. Specifications that remained the same are in normal typeface.  
The prosthesis must: 
• Resemble a human hand in proportion and configuration  
• Be powered manually  
• Be a voluntary close hand  
• Have an adaptive grip  
• Have 1 degree of freedom (actuated by the movement of an elbow)   
• Perform a power grasp and a precision grip (Lari Vainio, 2007) 
o Have a precision grip strength of at least 3lb (Smit, Plettenburg, & C T van der 
Helm, 2013)  
o Have a power grasp strength of at least 10 lb (Belter, Segil, Dollar, & Weir, 
2013)  
• Have a locking system for extended use 
• Weigh no more than 0.77 lb (Smit, Plettenburg, & C T van der Helm, 2014)  
• Use an actuation force less than 12 lb (Smit, Plettenburg, & C T van der Helm, 2014)  
• Hold an object as fragile as an egg  
• Hold an object as small as a toothbrush  
• Hold an object as large as a baseball  
• Open a door 
• Lift a bag up to 10 lb 
• Be able to be assembled in less than 2 hours  
• Be able to withstand 300,000 grasping cycles without failure (Belter, Segil, Dollar, & 
Weir, 2013) 
• Have a life expectancy of 1 year  
27 
 
• Cost less than $140  
• Take less than 40 hours to print  
3.4 Design 2 – Larger Hand with Four-Link Finger 
The goal of the first design was to create the smallest hand possible so that the smallest 
scaling limit would be known from the start. Because the hand was designed for a child to use, 
the hand needed to be small and lightweight. Despite meeting these criteria, the first design was 
not robust enough to withstand use, or even complete assembly. This second design was initially 
drafted as a larger model to be scaled down later. The complexity of the design was reduced by 
changing the six-link finger to a four-link finger and by getting rid of both the adaptive grasp and 
the ratcheting system. Although this design ultimately started out as a significantly larger hand, it 
was possible to scale down to fit a child’s proportions without compromising the functionality. 
The specific focus areas of this design were as follows: 
1. Four-Link Finger Linkage System 
2. Four-Link Thumb Linkage System 
3. Palm Housing 
4. Arm Attachment 
5. Equation Scaling 
Once again, the team cycled through many iterations for each focus area and the models 
that produced the most satisfactory results were used in a complete hand assembly. 
3.4.1 Focus 1: Four-Link Finger Linkage System 
To simplify the fingers, the six-link design was changed to a four-link design, almost 
exactly like the thumb. These redesigned links are shown in Figure 37 and Figure 38. Link 2 was 
made to look like a straight intermediate phalange with a slightly bent distal phalange that 
remains fixed in a bent position. 
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FIGURE 37: FOUR LINKS IN THE REDESIGNED FINGER - EXPLODED VIEW 
 
FIGURE 38: FOUR LINKS IN THE REDESIGNED FINGER: EXPLODED VIEW – BOTTOM 
The team decided that the knuckle joint that connects the fingers to the palm should be a 
Chicago screw, seeing as other 3D printed hands also use Chicago screws (Low-Profile Binding 
Barrels and Screws; Figure 39). Integrating more hardware into the hand, especially at the joints, 
significantly increased the overall strength of the device. Chicago screws are available in 
different materials including polyethylene plastic, zinc-plated steel, and 6063 aluminum, which 
give the user a range of strengths, weights, and prices to work with. 6063 aluminum screws were 
used in this assembly. 
 
FIGURE 39: LOW-PROFILE BINDING BARRELS AND SCREWS (STEEL LOW PROFILE BINDING BARRELS AND SCREWS, N.D.) 
Chicago screws did not work with the previous external pin design of the finger because 
there were too many joints and the heads collided. In addition to this, the parts were simply too 
small to contain a screw with any kind of effective wall thickness encasing the shaft. 
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This new assembly design was able to print successfully on a Sindoh DP200 with no 
supports. Like the Ultimaker assembly, the joints were easy to integrate into the assembly and 
the model was able to print as a working assembly. This assembly design not only reduced 
assembly time for the overall prosthesis, but it also significantly reduced the amount of support 
waste produced from each print. Previous iterations of the finger produced a lot of 3D printed 
support waste because each link was printed separately. In Figure 41, the blue region is the 
support material and the red region is the material used in the finger assembly. 
 
 
 
 
 
3.4.2 Focus 2: Four-Link Thumb Linkage System 
The thumb design remained relatively unchanged. The only significant alteration was to 
make the pins continuous through the digit so that it could also be printed as an assembly (Figure 
42). The internal links were also changed to parallel the internal links of the new finger design. 
These alterations decreased the amount of open space within the thumb for dirt or small objects 
to get caught in. 
 
FIGURE 42: FINAL THUMB MODEL 
3.4.3 Focus 3: Palm Housing 
The palm housing was completely redesigned because there was no longer a need to 
house an adaptive grasp mechanism or ratcheting system. Although these features were supposed 
to improve the design, they were found to overcomplicate the prosthesis instead. Without the 
FIGURE 40: JOINT CONNECTION EXAMPLE 
 
 
FIGURE 41: FINGER ASSEMBLY G-CODE 
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adaptive grasp mechanism, the palm could be designed as a single part instead of another 
assembly. The new palm was drafted referencing the same spring housing as the previous design. 
It was also at this time that the team learned that fishing leader is less prone to plastic 
deformation over time, as opposed to fishing line. Channels were added to the inside of the palm 
so the fishing leader could be fed from the finger through the palm and extend out of the bottom 
(Figure 45). 
Though all of the fingers functioned 
properly in this design, the amount of force 
needed to actuate each finger still needed to be 
minimized. The team wanted the user to exert as 
little force as possible to actuate the device. Two 
areas of the palm were found to have noticeable 
frictional resistance: one being the interface 
between the spring compressor and the palm 
(Figure 44), and the other being the spring 
cylinder itself (Figure 43). These problems were 
relevant to the fingers and the thumb. 
 
FIGURE 45: NEW PALM DESIGN WITH LEADER ROUTES 
 
 
FIGURE 44: SPRING COMPRESSOR FRICTION 
AREA 
 
 
FIGURE 43: SPRING FRICTION AREA 
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Attempts were made using dry lubricant with Teflon to minimize some of the friction 
between the spring compressor and the palm. Dry lubricant was used because it did not leave a 
messy residue and it would not chemically eat away at the plastic, while Teflon is used as a non-
stick coating for cookware and is non-reactive, so this was beneficial as well. The lubricant 
helped a bit but did not solve the problem.  
Most of the friction was caused by the springs rubbing up against the layers of 3D printed 
PLA plastic. The team determined that the best way to combat this was to introduce some sort of 
barrier between the springs and the spring cylinders. Teflon tubing (Figure 47) was cut down to 
the length of the spring cylinders and glued in place. The springs were then supposed to interact 
with the slick PTFE surface instead of the rough PLA surface. Minor edits to the diameter of the 
spring cylinders were made to accommodate the extra material, increasing from 0.25” to 0.34” so 
that the Teflon tubing would not interfere with the piston (Figure 46).  
The greatest challenge in creating this new palm design was the positioning of the thumb. 
It was desirable to position the thumb farther out from the fingers so that there was room in 
between the thumb and the fingers to hold a larger object. The problem with this was that the 
palm became large and unwieldy, in addition to requiring many hours to print. With this in mind, 
the two-part palm idea was revisited (Figure 48). After a few iterations, the team reached the 
same conclusion as before that a multibody palm is not the best design choice. Several more 
iterations of a single-body palm with the thumb enclosure at different angles resulted in the final 
palm shown below (Figure 49). Once again, keeping the design as simple as possible was 
determined to allow for a more robust design. Reducing the size of the thumb enclosure also 
reduced print time and support waste. 
FIGURE 47: PTFE TUBING – SIDE VIEW 
 
 
FIGURE 46: NEW SPRING HOLE DIAMETER 
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FIGURE 48: FRONT VIEW OF SPLIT PALM 
 
FIGURE 49: FINAL PALM HOUSING DESIGN 
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3.4.4 Focus 4: Arm Attachment 
The arm attachment was inspired by the RIT eNable arm design. The team wanted to 
spend more time on the hand than the arm portion of this project in order to provide users with a 
basic working model that they could customize as their own.  
The team remodeled every part of the RIT arm to make the features more robust and 
easier to scale. The first part to change was the connector piece (Figure 50). This is the part that 
connects the palm to the forearm, hence the name.  
 
FIGURE 50: RIT CONNECTOR (LEFT), WPI CONNECTOR (RIGHT) 
The interface between the connector and the palm was altered to fit our design. These two 
pieces will be epoxied together during assembly because there is no reason for them to be 
separated later on for any sort of servicing. The parts were printed separately so that each one 
would have a proper flat bottom printing surface. The attachment between the connector and the 
forearm was completely redone as well. The original RIT design utilized screws to attach the 
components, but parts that are made with low infill percentages are effectively hollow, leaving 
the screws with nothing to latch onto. This was confirmed when the screws ripped right through 
an earlier print of the RIT arm. Instead of screws, a turn and lock mechanism was utilized that 
was easy to assemble and disassemble. 
The forearm was edited to reflect this new mechanism, and it was also rebuilt from 
scratch in order to be scalable (Figure 51). The turn and lock mechanism consisted of a 
rectangular extrusion on the connector, which is pushed down and twisted into a receptacle in the 
forearm. It gets pushed down once more after it is twisted into place so that the connector will 
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not twist around and tangle the fishing leader that will be threaded through it. The channels for 
the fishing leader flow from the connector into the forearm, where the path splits two ways to 
either side of the forearm. The original RIT arm had space for a single strand of fishing leader 
instead of the five that are needed to control the new hand. Multiple strands are used in this 
design because the tensional force is spread across all the strands, as opposed to having a single 
strand bear all the load. It is also easier to replace one broken finger than all of them if something 
was to fail. Figure 52 shows that the number of features needed to create this model was 
significantly reduced and organized. Not only are there fewer features, but the ones present are 
easier for the user to edit and customize even after scaling with equations.  
 
FIGURE 51: RIT FOREARM (LEFT), WPI FOREARM (RIGHT) 
The model for the tricep was also completely rebuilt. The appearance is quite similar, but 
the attachment points for the fishing leader tensioners were changed. The team found clevises 
and couplers that can be purchased from an online hobby shop. These tensioners are meant for 
model airplanes, but their size also works for assembling a prosthetic arm. The location of the 
tensioner attachment points were edited so that they would interface with the metal tensioners 
from the hobby shop (Figure 54).  
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FIGURE 52: WPI FOREARM FEATURE TREE (LEFT), RIT FOREARM FEATURE TREE (RIGHT) 
 
FIGURE 53: RIT TRICEP (LEFT), WPI TRICEP (RIGHT) 
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FIGURE 54: TRICEP WITH TENSIONERS 
Optional nylon tubing can be used to help feed the fishing leaders through the arm as 
well, should the user choose to do so. This nylon tubing was originally purchased to decrease the 
frictional force caused by the fishing leaders within the palm, however in Section 4.1 Force 
Actuation Testing, it was found that these tubes caused a larger frictional force between the 
leaders and the tubing. Though the tubing does not help reduce friction, it does help keep the 
leaders untangled during assembly. This is why the tubing is listed as an option in the assembly 
instructions instead of being completely removed. 
 
FIGURE 55: NYLON TUBING AT THE EXIT OF FOREARM FISHING LEADER ROUTES 
Once every part of the model fit together successfully and had simplified features, the 
team moved from the design portion of this MQP to integrating equations into the model. The 
overall finished prosthesis can be seen in Figure 56. 
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FIGURE 56: OVERALL FINAL ARM DESIGN 
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3.4.5 Focus 5: Equation Scaling 
Every component in this prosthetic arm was created with the design intent that it was 
going to be scaled according to user input. The user is able to input four different measurements 
to determine the sizing of each part. The four variables are as follows: hand width, total length of 
forearm, actual length of residual forearm, and diameter of forearm. Each of these dimensions 
and how they should be measured on the user is shown in the figure below.  
“HandWidth” “TotalLengthOfForearm” “ActualLengthOfForearm” 
 
 
 
“DiameterOfForearm” 
 
FIGURE 57: USER INPUT VARIABLES AND HOW THEY ARE MEASURED 
Once these measurements have been taken by the user, they can be keyed into a .txt 
document that drives the SOLIDWORKS equations. The test document was first applied to the 
individual finger assembly. The main variable that scales the fingers is the “HandWidth” 
variable. This determines the length of Link 1. Everything scales linearly with the length of Link 
1, except for a few dimensions: the tolerance between parts that is kept at 0.03”, the holes for the 
Chicago screw remain at a diameter of 0.215”, and the spring compressor maintains the same 
length and diameter (Figure 58).  
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The equation for the length of Link 3 was not working as just a scalar multiplied with the 
length of Link 1. In order to find out what factor does fit, the team scaled the finger to four 
different lengths: 2.0”, 1.9”, 1.8”, and 1.7”. Link 3 was manually adjusted in each of these 
different sizes until the finger way able to lie flat. The manually determined lengths were 
recorded in Microsoft Excel where a linear regression through the four points provided an 
equation to use as the scale factor for Link 3 (Figure 59).  
 
 
 
FIGURE 58: EXAMPLE OF FINGER SCALING 
 
FIGURE 59: LINK 3 LENGTH LINEAR REGRESSION 
y = 0.52x + 0.7655
1.6
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Length of Link 1 vs. Length of Link 3
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The equations for the thumb were applied in the same way as the fingers, except instead 
of being applied to the overall assembly, the equations were applied at each individual part level. 
The scaling is dictated by the thickness of the thumb, “t”, which is dictated by the length of Link 
1 of the finger. Like the finger, all of the scaling is derived from the original input “HandWidth” 
variable. The holes for the Chicago screws are constant, as well as the spring compressor.  
After applying equations to the finger and thumb subassemblies, equations were applied 
to the palm model in the overall arm assembly. Every dimension was based off of global 
variables created while scaling the finger. Most of these dimensions were simply multiplied by 
some scaling factor depending on the input hand width, but the outliers are described below. This 
first equation in Figure 60 defines the width of the main cutout in the palm for the fingers. 
Regardless of any input, this cutout will always have a tolerance of 0.025” on either side of the 
finger. Based on the hand width, the second equation determines the wall spacing in between 
each finger so that there is always a wall thickness of 0.05” on the outer edges of the hand. The 
third ensured that the width of the thumb enclosure would be the thickness of the thumb, plus a 
0.15” wall on either side and a 0.02” tolerance between the thumb and the enclosure on either 
side. The fourth equation for a boss extrude thickness ensured that the width of the palm would 
scale with the size of the fingers, but also retain the 0.15” walls on either side of the finger as 
well as the correct Chicago hole spacing. 
The final equation required the height of the palm to be dependent upon the height of the 
cutout and the height of the spring hole, which are both scaled versions of the hand width, and 
would retain a thickness of 0.675” at the bottom so that there would always be enough room for 
the fishing leader channels at the bottom. The team found that if this bottom section was also a 
scaled down factor of the hand width, then the fishing leader’s swept cuts would fail from not 
having enough vertical space. This means that when the hand is at 80% of its original size, it has 
a larger height to width ratio than if it is at its original size. 
 
FIGURE 60: PALM MODEL COMPLEX EQUATIONS 
1 
2 
3 
4 
5 
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The equations for the rest of the arm are not as complex as the hand and finger equations 
because the change in dimensions between different scales is mainly dependent on the variables 
that are input by the user. There were not many global variables created to aid in scaling the arm 
(Figure 61). The “ActualLengthOfForearm” helps determine the length of the forearm model 
because the top portion of the forearm where the connector is inserted will always be 1.6”, so the 
main length of the actual forearm is whatever the residual length is plus this 1.6”. The 
“DiameterOfForearm” measurement helps determine the main diameter of the Forearm model, 
because it will always be 1” more than the amputee’s actual forearm diameter with the wall 
thickness and room for medical padding. We chose that the diameter of the tricep would always 
be 0.2” larger than the Forearm just for consistency.  
 
FIGURE 61: GLOBAL VARIABLES OF THE ARM ASSEMBLY 
Figure 62 shows the equations associated with the scaling of the entire arm. Again, there 
were not as many equations needed as with the finger scaling because most of the dimensions 
stay the same between sizes of the arm model. The only big dimensions that change are the three 
that are input by the user as well as the dimensions listed below.  
 
FIGURE 62: EQUATIONS OF THE ARM ASSEMBLY 
This model works best with the following limits in the input dimensions: the 
“HandWidth” should remain between 3-3.75”; The “TotalLengthOfForearm” should remain 
between 5.75-8”; The “ActualLengthOfForearm” should remain between 2-4.25” depending on 
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the “TotalLengthOfForearm” input; The “DiameterOfForearm” should remain between 1.75-
3.25”. Examples of different sized arms are shown in Figure 63. 
Once the arm models are scaled correctly, a medical professional would just need to 
import a 3D scan of the patient’s residual arm into the forearm model. This scan would then be 
used to create the proper ergonomic cutout for the patient’s arm.  
 
FIGURE 63: ORIGINAL SIZED ARM (LEFT), WIDER ARM (MIDDLE), LONGER ARM AND TRICEP (RIGHT) 
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Chapter 4: Testing and Results 
After manufacturing this final design for the prosthetic arm, the team performed a few 
tests that aided in the understanding of the design’s limitations and how they compared to the 
design specifications. The first test was to evaluate how much force is required to actuate the 
arm. The second test was to evaluate how much weight the hand could hold in a power grasp 
before failure. The third test was to evaluate the difficulty in assembling the arm and helpfulness 
of the written instructions. The final tests were done through SOLIDWORKS simulations to 
learn more about the points on the arm that the team suspected would fail first. The first two tests 
were completed with both the smallest hand and the largest hand to ensure that the entire range 
of the model was evaluated.   
4.1 Force Actuation Testing 
The force actuation test was to determine how much force would be needed for a user to 
close the fingers. This test was performed with the hand portion of the arm clamped to a table. 
All of the fishing leader strands were fed through the arm and crimped to create a loop where 
digital hanging scale could be attached (Figure 64). After making sure the arm would stay in 
place, one team member and gently pulled on the digital hanging scale until the finger was fully 
clenched. The other team member recorded the reading on the scale. This pulling process was 
repeated 10 times for each finger. 
 
FIGURE 64: PULL-FORCE TESTING SETUP 
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The results from the large hand test (3.75” hand width) are shown in Table 1. Every trial 
for each individual finger is shown as well as the average for each test. No finger required less 
than 1.0 lb nor more than 2.0 lb of force to clench. It can also be seen that these data points vary 
between fingers, which could be due to several different factors. The major variables that stood 
out to the team are the different filament colors, different rolls of filament, different room 
temperatures/humidity levels while printing, inconsistencies with assembling, and different paths 
of the leader channels. 
TABLE 1: LARGE HAND PULL-FORCE DATA 
 Force Reading (lb) 
Trial Number Index Finger Middle Finger Ring Finger Pinky 
1 1.81 1.22 1.46 1.10 
2 1.85 1.26 1.57 1.51 
3 1.09 1.37 1.41 1.26 
4 1.49 1.14 1.38 1.10 
5 1.58 1.15 1.49 1.33 
6 1.81 1.12 1.47 1.21 
7 1.55 1.11 1.27 1.14 
8 1.60 1.16 1.32 1.28 
9 1.65 1.16 1.33 1.28 
10 1.58 1.15 1.42 1.32 
Average 1.601 1.184 1.412 1.253 
 
The results from the small hand test (3” hand width) are shown in Table 2. The smaller 
fingers needed less force to actuate them, but nothing drastically different. The major variables 
that affect the large fingers also affect the small fingers in terms of any inconsistencies. The 
thumb requires about twice as much force to pull as the fingers. This is because of the angle that 
the thumb is positioned at. This means that altogether, it takes about 7 lb of force to actuate the 
entire hand. This is reasonable and well within the design specification of a 12 lb actuation force. 
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TABLE 2: SMALL HAND PULL-FORCE DATA 
 Force Reading (lb) 
Trial Number Index Finger Middle Finger Ring Finger Pinky Thumb 
1 1.00 1.20 1.36 1.32 2.04 
2 1.00 1.29 0.95 1.20 1.82 
3 1.12 1.18 1.15 1.14 2.00 
4 1.00 1.27 1.10 1.23 1.63 
5 1.26 1.47 1.10 1.09 2.29 
6 1.16 1.31 0.95 1.17 2.05 
7 1.08 1.15 1.20 1.31 2.20 
8 1.08 1.37 1.19 1.20 2.45 
9 1.11 1.22 1.15 1.12 2.36 
10 1.10 1.04 1.32 1.23 2.04 
Average 1.091 1.25 1.147 1.201 2.088 
 
Along with testing the actuation force needed to close the fingers, the team tested the 
frictional forces through each leader channel in the palm. This test was performed both with and 
without the optional yellow nylon tubing. A weight of 0.125 kg was attached to one end of the 
fishing leader while the other end was looped around digital hanging scale. Once again, one team 
member gently drew the leader through the channel while the other recorded the reading on the 
scale, repeated 10 times for each situation (Table 3). 
The average pulling force needed with the added tubing was 0.49 lb, whereas the average 
pulling force needed without the added tubing was 0.31 lb. Because the weight was constant and 
the force from pulling was relatively constant, the only difference in the force balance is the 
friction from the channel (Figure 65). This shows that the optional tubing does not help reduce 
friction.   
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TABLE 3: FRICTION PULL-FORCE DATA 
 Force Reading (lb) 
Trial Number With Tubing Without Tubing 
1 0.51 0.32 
2 0.51 0.32 
3 0.50 0.30 
4 0.47 0.33 
5 0.53 0.34 
6 0.41 0.32 
7 0.47 0.32 
8 0.52 0.25 
9 0.53 0.32 
10 0.50 0.32 
Average 0.49 0.31 
 
 
FIGURE 65: TUBING FRICTION SETUP WITH FORCES 
 
 
 
Pulling Force 
Weight of 
Block 
Friction 
from Table 
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4.2 Power Grasp Strength Testing 
For the power grasp strength test, arm was 
fixed to a table once more and each strand of 
fishing leader was so that all of the fingers were in 
their clenched positions. A small bag that weighed 
0.09 lb was placed on the hand and weights were 
gradually added to the bag by 2.5 lb increments 
until failure (Figure 66). Pictures were taken and 
observations were recorded after each weight was 
placed in the bag.  
While testing the larger hand, it was found 
that the first point of failure was at the crimps. This 
is because the crimps were secured using pliers, 
rather than a proper crimping tool. At 2.5 lb, the 
index finger began to sag. At 5 lb, the crimp on the 
index finger came undone, but the remaining fingers 
remained clenched. The bag of weights was removed, the leader and crimp were replaced, and 
the test resumed from 2.5 lb. Weight was steadily added until all fingers failed at 10 lb. The 
fingers did not break, but they did fully extend to the open position under the 10 lb weight. 
Because the fingers were fully extended and could no longer hold any weight, that point was 
deemed the point of failure. After removing the arm from the rig, the fingers returned to their 
normal state and were usable again. Whether the leader slipped out from where it was clamped to 
the table was not able to be observed. Although the hand was not able to support the weight of 
anything more than 10-12 lb, if it does encounter this weight, it will not permanently break. 
Figure 67 is a picture timeline of the small hand test.   
 
 
FIGURE 66: FINGERS LOADED WITH BAG OF WEIGHTS 
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FIGURE 67: FINGERS WITH NO WEIGHT (LEFT), FINGERS WITH 5LBS (MIDDLE LEFT), FINGERS WITH 10LBS (MIDDLE RIGHT), FINGERS WITH 
12.5LBS (RIGHT) 
4.3 Assembly Testing 
In order to understand how ordinary people would react to this design and to the 
accompanying assembly instructions, the team conducted physical assembly tests with some 
volunteers. The volunteers were instructed to follow the assembly instructions to put together the 
prosthetic arm and filled out a survey afterwards explaining their experiences. Team members 
also took notes of the comments and questions the volunteers had during testing. The assembly 
instructions are located in Appendix A. The duration of each volunteer’s assembly time was 
recorded they were asked to fill out the survey in Appendix B. Their survey results can be found 
in Appendix C. Overall, it did not take these volunteers as much time to assemble the arm as was 
expected. The assembly instructions were edited after reviewing the survey responses to address 
any areas of confusion. No major edits needed to be made to the final model after this assembly 
testing. The volunteers were able to assemble the prosthesis within the scope of the revised 
design specifications. 
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4.4 SOLIDWORKS Simulations 
In addition to the physical testing, the team also completed some SOLIDWORKS 
simulation testing to evaluate portions of the model that the team was unable to physically test. 
One portion of the model that was particularly worrying was the finger and the small pin joints 
within in. The team performed a static linear simulation on one of the finger joints to see if it 
could withstand a pull-force of 10 lb. A static linear simulation was also performed on the levers 
of the forearm. The goal here was to make sure that the levers would be able to withstand the 6 
lb actuation force transmitted through the fishing leaders. The results are detailed below.  
4.4.1 Finger Joint Strength 
The Link 1 and Link 2 models were changed so that they did not have the pins built into 
the models. PLA material properties (Table 4) were applied to both of the models. Connectors 
were created within the SOLIDWORKS simulation that represented the pins (Figure 68). Link 1 
was fixed and the 10 lb external load was applied on Link 2. This load was directed horizontally 
away from Link 1 as if something was pulling on the finger. The yield stress of PLA is 44.1 
MPa, but the maximum von Mises stress on this static study is 10.9 MPa (Table 5). This means 
the factor of safety is approximately 4, which is reasonable for the needs of this product. This 
value was cross-checked with hand calculations which can be found in Appendix G. The safety 
factor found with the hand calculations was 6.7 and the max deflection of the pin was about 
4.8x10E-4 inches. A more in-depth explanation of the simulation can be found in Appendix H. 
TABLE 4: PLA MATERIAL PROPERTIES 
Material Properties 
Name: PLA 
Model type: Linear Elastic Isotropic 
Default failure criterion: Max von Mises Stress 
Yield strength: 4.41e+007 N/m^2 
Tensile strength: 4.68e+007 N/m^2 
Elastic modulus: 2.76e+009 N/m^2 
Poisson's ratio: 0.33   
Mass density: 1290 kg/m^3 
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FIGURE 68: PIN CONNECTOR 
TABLE 5: FINGER VON MISES STRESS RESULTS 
Name Type Min Max 
Stress1 VON: von Mises 
Stress 
3.226e+003N/m^2 1.094e+007N/m^2 
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4.4.2 Forearm Lever Strength 
The same PLA material properties were applied to the smallest forearm model (Table 4) 
and then the forearm was fixed as if it were clamped to a table. A distribution of 6 lb external 
load was applied to the end faces of the levers. This load was directed in the direction of the 
fishing leaders exiting the levers. A mesh control was applied to the levers because the team 
anticipated the stresses to be concentrated in those areas. The yield stress of PLA is 44.1 MPa, 
but the maximum von Mises stress on this static study is only 6.7 MPa (Table 6). The maximum 
displacement is also only 0.18mm (Table 7). This means that the forearm can withstand its 
intended use. A more in-depth explanation of the setup of the simulation can be found in 
Appendix I. 
TABLE 6: FOREARM VON MISES STRESS RESULTS 
Name Type Min Max 
Stress1 VON: von Mises 
Stress 
5.910e-001N/m^2 6.687e+006N/m^2 
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TABLE 7: FOREARM DISPLACEMENT RESULTS 
Name Type Min Max 
Displacement1 URES: Resultant 
Displacement 
0.000e+000mm 1.799e-001mm 
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Chapter 5: Procedure for Making Arm 
Users producing this particular arm for a child will have to follow the proceeding steps in 
order to properly create each part and assemble the prosthesis: 
1. Order hardware listed in Appendix F: Hardware Ordering Guide  
2. Order medical supplies needed for attachment listed in Appendix E: Cost 
Breakdown 
3. Measure user, update size of model, and 3D print models using Appendix D: 
Model Setup and Printing Guide 
4. Assemble arm using Appendix A: Assembly Guide 
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Chapter 6: Conclusion 
The final arm design was able to meet the revised design specifications set for it. 
Throughout the design process the team found that simplifying the functions of the prosthesis led 
to a more robust design. It is important to remember what is feasible while working with low-
cost materials and supplies, and to keep in mind what the product actually is rather than what it 
should be when making comparisons. Overall, the arm is able to perform basic functions like 
opening doors and holding bags. The arm only requires about an hour and a half to assemble by 
someone who has never assembled it before, if they had epoxied the palm to the connector 
earlier. The elastic cords found in other arm designs were done away with and replaced with 
sturdier springs and fishing leader. The arm has multiple input parameters so that it can be 
properly scaled for each user. All that is needed to create this arm design is access to 
SOLIDWORKS, a 3D scanner, and a desktop 3D printer.  
Throughout many design iterations, the team learned a lot about 3D printing techniques 
as well as design for manufacturability regarding 3D printing. The team was even able to design 
full finger and thumb assemblies that could come out of the printer working properly once the 
brim was removed. Through these advances in design work, the team was able to create 
prosthetic arm that was improved in its ease of assembly, robustness, and printability. 
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Chapter 7: Future Work 
With more time, the team would have liked to have completed more testing to fully 
evaluate the design. The results from such testing would provide the user with a more 
comprehensive set of data that describes the limits of the device. This could include strength 
testing in different weak areas of the arm as well as precision grip force testing. More assembly 
testing would have also helped with refining the instructions as well as refining the design to 
make it even easier to assemble. In the future, the team would also like to include an example of 
how to create the 3D scan that would make the cutout in the forearm. Because this MQP was 
working with a makerspace that had access to multiple 3D scanners, it would have been nice to 
use this technology to make a final usable arm prosthesis. The final item that could be used for a 
continuation of this project would be to adjust this design to fit a specific patient and have him or 
her test the functions. After hearing true use testing responses, the design could be refined even 
further, though at that point it would be more in the realm of biomedical engineering than 
mechanical engineering. 
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Appendices 
Appendix A: Assembly Guide 
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Appendix B: Assembly Survey 
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Appendix C: Survey Reponses 
How long did it take you to completely assemble the arm? 
1.5 - 2 hours 
1 - 1.5 hours 
What was the most difficult part for you to assemble? (include as much detail as you can) 
Clevises were difficult to open and install without use of pliers. Screws were also 
difficult to put on without use of screwdriver. Directions for cutting and clamping the tension 
wire to a functional length could be more detailed. 
Putting the fishing wire down through the hand took a very long time because it curls 
and won’t thread through easily. 
What was the easiest part for you to assemble? (include as much detail as you can) 
The spring hole preparation and finger/thumb insertion into palm were easy and did not 
require much detail. 
Putting the fishing wire on the hand and crimping it was pretty straight forward. 
What part(s) of the design, if any, do you dislike? Why? 
Connector section to forearm could be easier to twist on. 
Putting the fishing wire through the hand was pretty frustrating. 
What is your favorite part of the design? Why? 
Fingers and thumb are designed well and function easily. 
I like how simple the forearm connection is to the connector.  
Rate the clarity of the instructions 
4/5 
4/5 
Are there any points that should be added to the instructions? 
I would make sure to put warning before the instructions because if someone is not too 
meticulous in reading the instructions they will make the error, see the warning and then have 
to go back and change it. 
What would you use this product to do, if you had to use it? (e.g. open doors, hold hands, 
etc) 
Yes, I would use this product if I needed to open doors, etc.  
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Open doors, hold cans, pick things up.  
Rate how useful you think this design may be to someone who is missing an arm 
10/10 
7/10 
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Appendix D: Model Setup and Printing Guide 
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Appendix E: Cost Breakdown 
Material Qty. Needed for One Arm Estimated Price 
Sindoh PLA Filament Refill 1 Spool $29.99 
Fishing Leader 10’ $9.37 
Crimps 10 $2.19 
Springs 5 $6.75 
PTFE Tubing 10” $7.22 
3” Chicago Screws 1 $6.86 
0.25” Chicago Screws 3 $9.60 
0.25” Chicago Screw 
Extensions 
Depends on size of arm $11.41 
Clevis 5 $6.99 
Couplers 5 $3.49 
Medical Velcro 1 $12.95 
Medical Foam Padding 1 $5.90 
 Total (without optional 
materials) $112.72 
(Optional) Nylon Tubing 10’ $29.99 
(Optional) Rubber Fingertip 
Grips 
5 $10.24 
 Total (with optional 
materials) 
$152.95 
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Appendix F: Hardware Ordering Guide 
 
Triple Fish Monofilament Leader Fishing Line 
 
• High knot strength 
• 50 lb (22.7 kg) test 
• .028 in (0.70 mm) diameter, 
Camo 
• 50 yd (46 m) 
$9.37 
Website: Amazon 
https://www.amazon.com/Triple-Fish-Test-Leader-
Fishing/dp/B01BZPPG6G/ref=sr_1_1?s=sporting-goods&ie=UTF8&qid=1510785333&sr=1-
1&keywords=fishing+leader+0.028+diameter&dpID=41fQmRSoKvL&preST=_SY300_QL7
0_&dpSrc=srch 
 
Berkley Connector Sleeve  
 
• Size 3 Tackle 
• 0.062“ Diameter 
• 25-50 lbs Breaking Strength 
• Qty. 33 
$2.19 
Website: Amazon 
https://www.amazon.com/Berkley-Connector-Diameter-Breaking-
Strength/dp/B003ZZ6BFK/ref=sr_1_2?s=sporting-goods&ie=UTF8&qid=1510785545&sr=1-
2&keywords=connector+sleeves+size+3&dpID=31R1xFKPJmL&preST=_SY300_QL70_&d
pSrc=srch 
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Compression Spring Music-Wire 
 
• Closed Ends 
• 1.375" Long 
• 0.219" OD 
• 0.183" ID 
$6.75 
Website: McMaster-Carr 
https://www.mcmaster.com/#9657k71/=1bhg2bf 
 
Extreme-Temperature PTFE Tubing for Chemicals 
 
• Semi-Clear with Stripe 
• 2’ Long 
• 1/4" ID 
• 5/16" OD 
$7.22 
Website: McMaster-Carr 
https://www.mcmaster.com/#53935k26/=1bhfys4  
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Low-Profile Binding Barrels & Screws 
 
• 8-32 Thread Size 
• 6063 Aluminum  
• for 3"-3-1/4" Material Thickness 
• For the Finger Connections 
$6.86 
Website: McMaster-Carr 
https://www.mcmaster.com/#93121a375/=1bhg3wo  
 
Low-Profile Binding Barrels & Screws 
 
• 8-32 Thread Size 
• 6063 Aluminum 
• for 1/4"-3/8" Material Thickness 
• For the Forearm – Tricep 
Connection 
$9.60 
Website: McMaster-Carr 
https://www.mcmaster.com/#93121a325/=1bhg3qe  
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Low-Profile Binding Barrels & Screws 
 
• 1/4" Long 
• 6063 Aluminum 
• In case the other Chicago screws 
are not the exact correct size 
$11.41 
Website: McMaster-Carr 
https://www.mcmaster.com/#93122a325/=1bhg3a9  
 
Sullivan Gold-N-Clevis 
 
• 2-56  
• Qty. 12 
$6.99 
Website: Tower Hobbies 
https://www.towerhobbies.com/cgi-bin/wti0001p?&I=LXRU46  
 
Great Planes Threaded Rigging Couplers 
 
• 2-56  
• Qty. 6 
$3.49 
Website: Tower Hobbies 
https://www.towerhobbies.com/cgi-bin/wti0001p?&I=LXEVT7 
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(OPTIONAL) Sullivan Push Cable .032 & Golden Clevis 30‘ 
 
• 30 ft of yellow nylon cable 
housing 
• 0.032” Inner Diameter  
$29.99 
Website: Tower Hobbies 
https://www.towerhobbies.com/cgi-bin/wti0001p?&I=LXFV00 
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Appendix G: MathCAD Finger Pin Calculations  
  
 
FIGURE 69: FINGER PIN WITH VARIABLE LABELS 
Given: 
Length Properties 
a 0.025in:=  b 0.10075in:=  c 0.25925in:=  
d 0.335in:=  l 0.36in:=  
Cross Section Properties 
D 0.15in:=  I
π D4⋅
64
2.485 10 5−× in4=:=  
Material Properties 
Sy 44.1MPa:=  γ 1290
kg
m3
:=  g 9.81 m
s2
:=  
E 2.76GPa:=  Sut 46.8MPa:=  
Load Properties 
f1
5lbf( )
b a−
66.007
lbf
in
=:=  
f2
5lbf( )
d c−
66.007
lbf
in
=:=  
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Loading, Shear, Moment, Slope, and Deflection Singularity Functions: 
S x z, ( ) 1 x z≥if
0 otherwise
:=  N x z, ( ) 0 x z≠if
∞ otherwise
:=  
x 0 0.001in, l..:=  
q x( ) R1− N x 0, ( )⋅ x 0−( )
1−
⋅ f1 S x a, ( )⋅ x a−( )
0
⋅+ f1 S x b, ( )⋅ x b−( )
0
⋅−
f2 S x c, ( )⋅ x c−( )
0
⋅ f2 S x d, ( )⋅ x d−( )
0
⋅− R2 N x l, ( )⋅ x l−( )
1−
⋅−+
.  
V x( ) R1− S x 0, ( )⋅ x 0−( )
0
⋅ f1 S x a, ( )⋅ x a−( )
1
⋅+ f1 S x b, ( )⋅ x b−( )
1
⋅−
f2 S x c, ( )⋅ x c−( )
1
⋅ f2 S x d, ( )⋅ x d−( )
1
⋅− R2 S x l, ( )⋅ x l−( )
0
⋅−+
.  
M x( ) R1− S x 0, ( )⋅ x 0−( )
1
⋅
f1
2
S x a, ( )⋅ x a−( )2⋅+
f1
2
S x b, ( )⋅ x b−( )⋅−
f2
2
S x c, ( )⋅ x c−( )2⋅
f2
2
S x d, ( )⋅ x d−( )2⋅− R2 S x l, ( )⋅ x l−( )⋅−+
 
θ x( )
1
E I⋅
R1−
2
S x 0, ( )⋅ x 0−( )2⋅
f1
6
S x a, ( )⋅ x a−( )3⋅+
f1
6
S x b, ( )⋅ x b−( )3⋅−
f2
6
S x c, ( )⋅ x c−( )3⋅
f2
6
S x d, ( )⋅ x d−( )3⋅−
R2
2
S x l, ( )⋅ x l−( )2⋅− C3++
...






⋅  
y x( )
1
E I⋅
R1−
6
S x 0, ( )⋅ x 0−( )3⋅
f1
24
S x a, ( )⋅ x a−( )4⋅+
f1
24
S x b, ( )⋅ x b−( )4⋅−
f2
24
S x c, ( )⋅ x c−( )4⋅
f2
24
S x d, ( )⋅ x d−( )4⋅−
R2
6
S x l, ( )⋅ x l−( )3⋅− C3 x⋅+ C4++
...






⋅  
Boundary Conditions: 
1 ) V l( ) 0 
R1− l 0−( )
0
⋅ f1 l a−( )
1
⋅+ f1 l b−( )
1
⋅−
f2 l c−( )
1
⋅ f2 l d−( )
1
⋅− R2 l l−( )
0
⋅−+
...  
R1− f1 l a−( )⋅+ f1 l b−( )⋅− f2 l c−( )⋅+ f2 l d−( )− R2− 0 
R1 R2+ f1 l a−( )⋅ f1 l b−( )⋅− f2 l c−( )⋅+ f2 l d−( )−  
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  2 ) M l( ) 0 
R1− l 0−( )
1
⋅
f1
2
l a−( )2⋅+
f1
2
l b−( )2⋅−
f2
2
l c−( )2⋅
f2
2
l d−( )2⋅− R2 l l−( )
1
⋅−+
... 0 
R1− l⋅
f1
2
l a−( )2⋅+
f1
2
l b−( )2⋅−
f2
2
l c−( )2⋅+
f2
2
l d−( )2⋅− 0 
Reaction Forces 
R1
f1
2
l a−( )2⋅
f1
2
l b−( )2⋅−
f2
2
l c−( )2⋅+
f2
2
l d−( )2⋅−






l
:=  R1 5lbf=  
R2 f1 l a−( )⋅ f1 l b−( )⋅− f2 l c−( )⋅+ f2 l d−( )− R1−:=  R2 5lbf=  
3 ) y 0( ) 0 
C4 0:=  
4 ) y l( ) 0 
R1−
6
l3⋅
f1
24
l a−( )4⋅+
f1
24
l b−( )4⋅−
f2
24
l c−( )4⋅+
f2
24
l d−( )4⋅−
R2
6
l l−( )3⋅− C3 l⋅+ 0 
C3
1
l
R1
6
l3⋅
f1
24
l a−( )4⋅−
f1
24
l b−( )4⋅+
f2
24
l c−( )4⋅−
f2
24
l d−( )4⋅+






⋅:=  
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  Final Loading, Shear, Moment, Slope, and Deflection Equations:  
q x( ) R1− N x 0, ( )⋅ x 0−( )
1−
⋅ f1 S x a, ( )⋅ x a−( )
0
⋅+ f1 S x b, ( )⋅ x b−( )
0
⋅−
f2 S x c, ( )⋅ x c−( )
0
⋅ f2 S x d, ( )⋅ x d−( )
0
⋅− R2 N x l, ( )⋅ x l−( )
1−
⋅−+
.:=  
V x( ) R1− S x 0, ( )⋅ x 0−( )
0
⋅ f1 S x a, ( )⋅ x a−( )
1
⋅+ f1 S x b, ( )⋅ x b−( )
1
⋅−
f2 S x c, ( )⋅ x c−( )
1
⋅ f2 S x d, ( )⋅ x d−( )
1
⋅− R2 S x l, ( )⋅ x l−( )
0
⋅−+
.:=  
M x( ) R1− S x 0, ( )⋅ x 0−( )
1
⋅
f1
2
S x a, ( )⋅ x a−( )2⋅+
f1
2
S x b, ( )⋅ x b−( )2⋅−
f2
2
S x c, ( )⋅ x c−( )2⋅
f2
2
S x d, ( )⋅ x d−( )2⋅− R2 S x l, ( )⋅ x l−( )
1
⋅−+
:=  
θ x( )
1
E I⋅
R1−
2
S x 0, ( )⋅ x 0−( )2⋅
f1
6
S x a, ( )⋅ x a−( )3⋅+
f1
6
S x b, ( )⋅ x b−( )3⋅−
f2
6
S x c, ( )⋅ x c−( )3⋅
f2
6
S x d, ( )⋅ x d−( )3⋅−
R2
2
S x l, ( )⋅ x l−( )2⋅− C3++
...






⋅:=  
y x( )
1
E I⋅
R1−
6
S x 0, ( )⋅ x 0−( )3⋅
f1
24
S x a, ( )⋅ x a−( )4⋅+
f1
24
S x b, ( )⋅ x b−( )4⋅−
f2
24
S x c, ( )⋅ x c−( )4⋅
f2
24
S x d, ( )⋅ x d−( )4⋅−
R2
6
S x l, ( )⋅ x l−( )3⋅− C3 x⋅+ C4++
...




⋅:=  
Shear, Moment, Slope, and Deflection Plots: 
0 0.01 0.02
100−
0
100
Shear Plot
Sh
ea
r F
or
ce
V x( )
x
 
0 0.01 0.02
1−
0.8−
0.6−
0.4−
0.2−
0
Moment Plot
M
om
en
t
M x( )
x
 
Vmax V d( ) 5 lbf=:=  Mmax M
l
2




0.843
lb ft2⋅
s2
=:=  
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0 0.01 0.02
6− 10 3−×
2− 10 3−×
2 10 3−×
6 10 3−×
Slope Plot
θ x( )
x
 
0 0.01 0.02
1− 10 5−×
1 10 5−×
3 10 5−×
5 10 5−×
Deflection Plot
y x( )
x
 
ymax y
l
2




4.836 10 4−× in=:=  
θmax θ 0( ) 0.262deg=:=  
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Critical Section Location : 
Mmax M
l
2




0.843
lb ft2⋅
s2
⋅=:=  
Critical Points and their Safety Factors :  
FIGURE 70: CROSS-SECTION OF PIN WITH CRITICAL POINTS LABELED 
A  Bending Normal Stress 
Iz
π
64
D4⋅ 2.485 10 5−× in4⋅=:=  c D
2
0.075 in⋅=:=  
σzA 0:=  σxA
Mmax c⋅
Iz
6.542 MPa⋅=:=  
Bending Shear Stress 
τxzA 0:=  
Principal Stresses 
τmaxA
σxA σzA−
2






2
τxzA
2
+ 474.4psi=:=  
σ1A
σxA σzA+
2
τmaxA+ 948.799psi=:=  
σ2A 0:=  
σ3A
σxA σzA+
2
τmaxA− 0psi=:=  
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Safety Factor 
σvA σ1A
2
σ2A
2
+ σ3A
2
+ σ1A σ2A⋅− σ2A σ3A⋅− σ1A σ3A⋅− 6.542 MPa⋅=:=  
SFA
Sy
σvA
6.741=:=  
B Bending Normal Stress 
σxB 0:=  σzB 0:=  
Bending Shear Stress 
τxzB
4
3
V
l
2




π
4
D2⋅
⋅ 0=:=  
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Appendix H: Full Finger Pin Simulation Results 
Model Information 
 
 
Model name: Finger Simulation 1 
Current Configuration: Default 
Solid Bodies 
Document Name and 
Reference 
Treated 
As 
Volumetric 
Properties 
Document Path/Date 
Modified 
Boss-Extrude2 
 
Solid 
Body 
Mass:0.0125884 
kg 
Volume:9.75848e-
006 m^3 
Density:1290 
kg/m^3 
Weight:0.123367 
N 
 
C:\Users\alipa\Documents\WPI 
2017-18\MQP\Simulation 
Testing\Finger 
Joint\Fingers\20171130_Link 
2_AP.SLDPRT 
Feb 02 18:12:30 2018 
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Cut-Extrude2 
 
Solid 
Body 
Mass:0.00811857 
kg 
Volume:6.29347e-
006 m^3 
Density:1290 
kg/m^3 
Weight:0.079562 
N 
 
C:\Users\alipa\Documents\WPI 
2017-18\MQP\Simulation 
Testing\Finger 
Joint\Fingers\20180103_Link 
1_AP.SLDPRT 
Feb 07 17:46:08 2018 
 
 
Study Properties 
Study name Static 1 
Analysis type Static 
Mesh type Solid Mesh 
Thermal Effect:  On 
Thermal option Include temperature loads 
Zero strain temperature 298 Kelvin 
Include fluid pressure effects from 
SOLIDWORKS Flow Simulation 
Off 
Solver type FFEPlus 
Inplane Effect:  Off 
Soft Spring:  Off 
Inertial Relief:  Off 
Incompatible bonding options Automatic 
Large displacement Off 
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Compute free body forces On 
Friction Off 
Use Adaptive Method:  Off 
Result folder SOLIDWORKS document 
(C:\Users\alipa\Documents\WPI 2017-
18\MQP\Simulation Testing\Finger Joint) 
 
 
Units 
Unit system: SI (MKS) 
Length/Displacement mm 
Temperature Kelvin 
Angular velocity Rad/sec 
Pressure/Stress N/m^2 
 
 
Material Properties 
Model Reference Properties 
 
Name: PLA 
Model type: Linear Elastic 
Isotropic 
Default failure 
criterion: 
Max von Mises 
Stress 
Yield strength: 4.41e+007 N/m^2 
Tensile strength: 4.68e+007 N/m^2 
Elastic modulus: 2.76e+009 N/m^2 
Poisson's ratio: 0.33   
Mass density: 1290 kg/m^3 
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Loads and Fixtures 
Fixture name Fixture Image Fixture Details 
Fixed-1 
 
Entities: 2 face(s) 
Type: Fixed 
Geometry 
 
Resultant Forces 
Components X Y Z Resultant 
Reaction force(N) -204 -3.03611e-007 -1.79084e-005 204 
Reaction Moment(N.m) 0 0 0 0 
  
On Flat Faces-
1 
 
Entities: 1 face(s) 
Type: On Flat Faces 
Translation: 0, ---, --- 
Units: mm 
 
Resultant Forces 
Components X Y Z Resultant 
Reaction force(N) 160 0 0 160 
Reaction Moment(N.m) 0 0 0 0 
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Load name Load Image Load Details 
Force-1 
 
Entities: 1 face(s) 
Reference: Edge< 1 > 
Type: Apply force 
Values: ---, ---, 44 N 
 
 
 
Pin/Bolt/Bearing Connector 
Model Reference Connector Details 
Strength 
Details 
 
Pin Connector-1 
Entities: 2 face(s) 
Type: Pin 
Connection type: With retaining 
ring (No 
translation) 
Rotational 
stiffness value: 
0 
Units: SI 
 
No Data 
Connector Forces 
Type X-Component Y-Component Z-Component Resultant 
Axial Force (N) -0 -0 -5.3313 -5.3313 
Shear Force (N) 102.02 -0.001195 0 102.02 
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Torque (N.m) 0 0 5.1768e-011 5.1768e-011 
Bending moment 
(N.m) 
-0.0027251 -0.0016962 0 0.0032099 
 
 
Pin Connector-2 
Entities: 2 face(s) 
Type: Pin 
Connection type: With retaining 
ring (No 
translation) 
Rotational 
stiffness value: 
0 
Units: SI 
 
 
No Data 
Connector Forces 
Type 
X-
Component 
Y-
Component 
Z-
Component 
Resultant 
Axial Force (N) -0 -0 5.3313 -5.3313 
Shear Force (N) 101.98 0.001195 0 101.98 
Torque (N.m) -0 -0 5.1759e-011 -5.1759e-011 
Bending moment (N.m) 0.0027106 0.0016392 0 0.0031677 
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Contact Information 
Contact Contact Image Contact Properties 
Global Contact 
 
Type: No 
penetration   
(Surface to 
surface) 
Compo
nents: 
1 
component(s) 
 
 
 
 
Mesh information 
Mesh type Solid Mesh 
Mesher Used:  Standard mesh 
Automatic Transition:  Off 
Include Mesh Auto Loops:  Off 
Jacobian points 4 Points 
Element Size 1.26291 mm 
Tolerance 0.0631454 mm 
Mesh Quality Plot High 
Remesh failed parts with incompatible mesh Off 
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Mesh information - Details 
Total Nodes 86392 
Total Elements 56474 
Maximum Aspect Ratio 7.1373 
% of elements with Aspect Ratio < 3 99.7 
% of elements with Aspect Ratio > 10 0 
% of distorted elements(Jacobian) 0 
Time to complete mesh(hh;mm;ss):  00:00:03 
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Mesh Control Information: 
Mesh Control 
Name 
Mesh Control Image Mesh Control Details 
Control-1 
 
Entities: 1 face(s) 
Units: mm 
Size: 0.631456 
Ratio: 1.5 
 
 
 
Resultant Forces 
Reaction forces 
Selection set Units Sum X Sum Y Sum Z Resultant 
Entire Model N -43.9997 -0.00250921 -5.94313e-005 43.9997 
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Study Results 
 
Name Type Min Max 
Stress1 VON: von Mises 
Stress 
3.226e+003N/m^2 
Node: 39186 
1.094e+007N/m^2 
Node: 48781 
 
Finger Simulation 1-Static 1-Stress-Stress1 
 
 
 
 
 
 
124 
 
Name Type Min Max 
Displacement1 URES:   Resultant 
Displacement 
0.000e+000mm 
Node: 36 
2.673e-
001mm 
Node: 75854 
 
Finger Simulation 1-Static 1-Displacement-Displacement1 
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Name Type Min Max 
Strain1 ESTRN: Equivalent Strain 1.341e-006 
Element: 16148 
2.335e-003 
Element: 40319 
 
Finger Simulation 1-Static 1-Strain-Strain1 
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Appendix I: Forearm Lever Simulation Results 
Model Information 
 
 
Model name: WPI_Forearm 
Current Configuration: Default 
Solid Bodies 
Document Name and 
Reference 
Treated As Volumetric Properties 
Document Path/Date 
Modified 
Fillet2 
 
Solid Body 
Mass:0.431466 kg 
Volume:0.000334493 
m^3 
Density:1289.91 
kg/m^3 
Weight:4.22837 N 
 
C:\Users\alipa\Documents\
WPI 2017-
18\MQP\Simulation 
Testing\Forearm\WPI_Fore
arm.SLDPRT 
Feb 22 10:42:46 2018 
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Study Properties 
Study name Static 1 
Analysis type Static 
Mesh type Solid Mesh 
Thermal Effect:  On 
Thermal option Include temperature loads 
Zero strain temperature 298 Kelvin 
Include fluid pressure 
effects from 
SOLIDWORKS Flow 
Simulation 
Off 
Solver type FFEPlus 
Inplane Effect:  Off 
Soft Spring:  Off 
Inertial Relief:  Off 
Incompatible bonding 
options 
Automatic 
Large displacement Off 
Compute free body forces On 
Friction Off 
Use Adaptive Method:  Off 
Result folder SOLIDWORKS document 
(C:\Users\alipa\Documents\WPI 2017-
18\MQP\C Term Hand 
Iterations\20180123) 
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Units 
Unit system: SI (MKS) 
Length/Displacement mm 
Temperature Kelvin 
Angular velocity Rad/sec 
Pressure/Stress N/m^2 
 
 
Material Properties 
Model Reference Properties Components 
 
Name: PLA 
Model type: Linear Elastic 
Isotropic 
Default failure 
criterion: 
Max von Mises 
Stress 
Yield strength: 4.41e+007 N/m^2 
Tensile strength: 4.68e+007 N/m^2 
Elastic modulus: 2.76e+009 N/m^2 
Poisson's ratio: 0.33   
Mass density: 1290 kg/m^3 
 
SolidBody 
1(Fillet2)(W
PI_Forearm) 
Curve Data:N/A 
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Loads and Fixtures 
Fixture name Fixture Image Fixture Details 
Fixed-2 
 
Entities: 1 face(s) 
Type: Fixed Geometry 
 
Resultant Forces 
Components X Y Z Resultant 
Reaction force(N) 17.355 20.6831 0.000175692 26.9998 
Reaction Moment(N.m) 0 0 0 0 
  
 
Load name Load Image Load Details 
Force-1 
 
Entities: 2 face(s) 
Type: Apply force 
Values: ---, ---, -27 N 
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Mesh information 
Mesh type Solid Mesh 
Mesher Used:  Standard mesh 
Automatic Transition:  Off 
Include Mesh Auto Loops:  Off 
Jacobian points 4 Points 
Element Size 0.131085 in 
Tolerance 0.00235971 in 
Mesh Quality Plot High 
 
Mesh information - Details 
Total Nodes 94631 
Total Elements 62300 
Maximum Aspect Ratio 37.901 
% of elements with Aspect Ratio < 3 97.3 
% of elements with Aspect Ratio > 10 0.169 
% of distorted elements(Jacobian) 0 
Time to complete mesh(hh;mm;ss):  00:00:06 
Computer name:   
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Mesh Control Information: 
Mesh 
Control 
Name 
Mesh Control Image Mesh Control Details 
Control-5 
 
Entities: 4 face(s) 
Units: in 
Size: 0.0683415 
Ratio: 1.5 
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Resultant Forces 
Reaction forces 
Selection set Units Sum X Sum Y Sum Z Resultant 
Entire Model N 17.355 20.6831 0.000175692 26.9998 
Reaction Moments 
Selection set Units Sum X Sum Y Sum Z Resultant 
Entire Model N.m 0 0 0 0 
 
 
 
 
 
